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Introduction
Eukaryotic cells display a ubiquitous and phylogenetically conserved process of mRNA partitioning whereby mRNAs encoding secretory or integral membrane proteins are localized early in translation to the endoplasmic reticulum (ER) Blobel et al., 1979; Lingappa and Blobel, 1980; Palade, 1975) . This process serves to compartmentalize protein synthesis; those proteins that require entry into the secretory pathway are synthesized on ER-bound ribosomes Blobel et al., 1979; Lingappa and Blobel, 1980; Palade, 1975) .
The trafficking of ribosomes from the cytosol to the ER membrane is functionally linked to translation; ribosomes engaged in the translation of mRNAs encoding a signal sequence or a transmembrane domain are directed to the ER via the signal recognition particle (SRP) pathway Gilmore and Blobel, 1983; Walter et al., 1981; Walter and Johnson, 1994) . In this pathway, the termination of protein synthesis is thought to yield ribosome dissociation from the ER membrane to a common cytosolic ribosome pool, thereby completing a cycle of translation-dependent ribosome binding and release Lingappa and Blobel, 1980; Mechler and Vassalli, 1975) .
The role of the SRP pathway in the partitioning of ribosome/mRNA complexes between the cytosol and ER compartments is very well established (Alberts et al., 2002; Blobel et al., 1979; Lingappa and Blobel, 1980; Walter and Johnson, 1994) . Recent studies in mammalian tissue culture cells, using siRNA-mediated knockdown of individual components of the SRP complex indicate, however, that tissue culture cell lines can be tolerant of marked reductions in SRP levels (Aza-Blanc et al., 2003) . In these experiments, cell surface expression of DR-5 and Fas receptor was insensitive to siRNA-mediated reduction in SRP levels whereas cell surface expression of the death receptor DR-4 was inhibited, results suggesting that secretory and membrane protein precursors can vary dramatically in their requirement for SRP function (AzaBlanc et al., 2003) . Also consistent with these data are the suggestions that mRNAs may undergo direct localization to the ER and by this means differ in their requirement for SRP function (Choi et al., 2000; Diehn et al., 2000; Nicchitta, 2002; Washida et al., 2004) . In support of this view, it has been reported that ribosomes remain in stable association with the ER translocation machinery following pharmacological induction of protein synthesis termination and while in the ER-bound state are capable of de novo translation of mRNAs encoding secretory and cytosolic proteins (Potter and Nicchitta, 2002; Seiser and Nicchitta, 2000) . This latter observation is consistent with studies conducted in yeast, fly and mammalian cells, each demonstrating a significant steady-state representation of mRNAs encoding cytosolic proteins on ER-bound polyribosomes (Diehn et al., 2000; Kopczynski et al., 1998; Lerner et al., 2003; Mechler and Rabbitts, 1981; Mueckler and Pitot, 1981) . Although the ultimate biological significance of these findings is not yet clear, it appears that the process of mRNA partitioning to the ER is complex and may require multiple, perhaps independent, pathways to achieve the compartmentalization of protein synthesis characteristic of eukaryotic cells.
In the current study, we examined mRNA partitioning and translation in the ER and cytosol compartments following induction of the unfolded protein response (UPR). In mammalian cells, UPR induction elicits activation of the ER-resident eukaryotic initiation factor 2α (eIF2α)-directed kinase PERK, and the subsequent inactivation of the initiation stage of protein synthesis, as well as a stress response transcriptional program requiring the de novo synthesis of several transcription factors, most prominently ATF4 and XBP-1 Harding et al., 1999; Okada et al., 2002; Rutkowski and Kaufman, 2004) .
PERK-mediated eIF2α phosphorylation prevents eIF2B-dependent GDP/GTP exchange, thereby compromising the formation of translation initiation complexes Hinnebusch, 2000) . As a consequence, a rapid and sustained breakdown of polyribosomes ensues (Brostrom and Brostrom, 1998; Scheuner et al., 2001) . UPR induction thus represents a useful and physiologically relevant means for examining the cellular basis for ribosome and mRNA trafficking/exchange on the ER membrane.
The UPR utilizes mRNA stabilization and transcriptional regulation to impart substantial changes in the cellular content of numerous mRNA species (Kawai et al., 2004; Okada et al., 2002; Travers et al., 2000) . Together, the coordinated transcriptional and translational UPR program results in the dramatic remodeling of polyribosome complexes, as ribosome recruitment is enhanced for UPR target mRNAs and diminished for numerous housekeeping transcripts Kawai et al., 2004) . It is not known whether this process of polyribosome remodeling proceeds in an unbiased way in the cytosolic and ER compartments of the cell.
Indeed, given that enhanced transcription/translation of mRNAs encoding ATF4, XBP-1 and the ER resident Hsp70 chaperone BiP is a common hallmark of the UPR, the general expectation is that the protein synthesis machinery of the cytosol and ER compartments are under common regulatory control and thus that the translation of mRNAs encoding both stress response cytosolic proteins (i.e., ATF4, XBP-1) and signal-sequence bearing proteins (i.e., BiP) would be maintained in the cytosol and ER compartments, respectively.
In this report, we have examined ribosome and mRNA distributions between the ER and cytosol compartments following UPR induction and report three primary findings: 1) following termination, the predominant fate of ER-bound ribosomes is continued association with the ER membrane; 2) the protein synthesis machinery of the cytosol and ER compartments of the cell is under distinct regulatory control, with mRNA translation being sustained in the ER compartment and suppressed in the cytosol compartment under conditions of elevated phopho-eIF2a levels; and 3) ER-bound ribosomes can participate in the translation of mRNAs encoding cytosolic and secretory/membrane proteins alike. These data identify novel roles for the ER compartment in the global regulation of cellular protein synthesis. 
Materials and Methods

Reagents
Cell culturing and labeling:
Murine plasmacytoma J558L cells were cultured in DMEM supplemented with 10% equine serum, 100U/mL penicillin, 100μg/ml streptomycin, at 37°C with 5% CO 2 . Prior to experiments, cells were adjusted to 0.5x10 6 cells/ml in 2:1 DMEM supplemented with 10% FBS: cultured media (DMEM supplemented with 10% equine serum) and cultured overnight. Murine NIH 3T3 and HEK293 cells were cultured in DMEM supplemented with 10% calf serum or fetal calf serum respectively, 100U/mL penicillin, 100μg/ml streptomycin at 37°C with 5% CO 2 .
Subcellular Fractionation: Cells were treated with either 2 or 10mM DTT (NIH-3T3 and J558, respectively) or 500nM thapsigargin (NIH-3T3) for the indicated times, where applicable. All cells were treated with 0.2mM cycloheximide for 5 min at 37ºC prior to harvest. Cytosol and total membrane-derived ER fractions were recovered by sequential detergent extraction using 0.008% digitonin for plasma membrane permeabilization/cytosol release and 2% digitonin or dodecylmaltoside for ER solubilization, using 1.5x10 7 cells (~0.8x10 6 /mL) as previously reported (Lerner et al., 2003; Potter and Nicchitta, 2002) . For the adherent cell line NIH-3T3, the detergent fractionation procedures were performed on cell monolayers. HKM. Gradients were centrifuged in a Beckman SW55 rotor at 55,000rpm for 2.5hrs at 4ºC.
The rough microsome layer, which banded at the 1.3M/1.9M sucrose interface, was diluted 4-fold in HKM and recovered by centrifugation in a Beckman TLA100.3 rotor at 40,000rpm for 20min at 4ºC. The RM pellet was solubilized using 2% dodecylmaltoside lysis buffer and the clarified lysate used for velocity sedimentation experiments (Potter and Nicchitta, 2002) .
Velocity Sedimentation: Cell equivalent fractions were loaded onto 10ml 15-50% linear sucrose gradients and centrifuged at 151,000xg as previously reported (Potter and Nicchitta, 2002) .
Fractions were collected manually and UV (260nm) absorbance monitored.
Immunoblots for ER resident membrane proteins were performed as previously reported (Potter and Nicchitta, 2002 Immunoprecipitation of radiolabeled proteins was performed using the indicated antibodies and Protein A or G Sepharose resin by standard protocols. Immunoblots of XBP-1, ATF4 and β-actin were performed as previously described (Gass et al., 2002) .
Ribosome quantitation: 5x10 6 cell aliquots of J558L cells were cultured overnight in 2.5μCi/ml [ 3 H]-5,6-uridine. Cells were harvested and cytosol and membrane fractions obtained as previously described (Lerner et al., 2003; Potter and Nicchitta, 2002) . RNA was extracted in triplicate using Trizol reagent (Invitrogen) and resolved on 3% formaldehyde, 1% agarose gels.
Bands corresponding to the 28S and 18S rRNA were excised, the gel matrix melted at 95ºC for 3 min and radioactivity determined by liquid scintillation spectroscopy using a Packard Liquid Scintillation Analyzer Tri-Carb 2100TR. For quantification of rRNAs derived from NIH 3T3 cells, ethidium bromide fluorescence was determined at 610nm using a Typhoon 9400 (GE Healthcare). Cells (2x10 7 ) treated with 0.2mM cycloheximide for 5 min at 37°C were harvested and subsequently lysed in 2% digitonin lysis buffer (Potter and Nicchitta, 2002) . Ribosomes were recovered from clarified lysates by centrifugation (Potter and Nicchitta, 2002 For quantitative assays, cells were cultured overnight with 2.5μCi/ml [ 3 H]-5,6-uridine, to allow biosynthetic radiolabeling of ribosomal RNA. Ribosomal loadings were normalized for total radioisotope incorporation. The major fractions corresponding to EDTA-eluted ribosomes were combined, adjusted to 1ml with diethyl pyrocarbonate-treated H 2 O and precipitated by the addition of 5μg carrier tRNA and TCA to a final concentration of 10%. Samples were collected in triplicate (300μl) by vacuum filtration onto GC/F glass fiber filters presoaked in 10% TCA.
Poly(U)-
Filters were washed once with 3mL 10% cold TCA, twice with 3mL cold 95% ethanol and dried.
Filter-associated radioactivity was measured by liquid scintillation spectroscopy.
Competition studies were performed as stated above except poly(U)-Sepharose was preincubated with polyinosinic acid, polyadenylic acid or buffer alone for 30 min at 37°C prior to addition of ribosomes.
Northern Blot Analysis:
Northern blots and quantitative dot blots were conducted by standard protocols (Sambrook et al., 1989) . RNA was isolated from gradient fractions by phenolchloroform extraction, resolved on 3% formaldehyde 1% agarose gels and transferred in 5xSSC, 10mM NaOH by downward capillary flow onto Hybond for 2 hours. Probes were generated from plasmid-containing cDNAs and include: a KpnI fragment of canine GRP94 (975bp), a fulllength clone of murine ATF4 (1.4kb), NcoI/ApoI fragment of murine XBP-1 (620bp), a
BamHI/KpnI fragment of human GAPDH cDNA (498 bp), PstI/EcoRI fragment of BiP (1.5kb).
Probes were internally labeled with α-[ 32 P]-dCTP using a random hexanucleotide primer kit.
Phosphorimager plates were scanned using a Typhoon 9400 (GE Healthcare) and data analyses performed using the ImageQuantTL software (GE Healthcare).
Reverse Transcription Assay; RNA isolated from gradient fractions was suspended in 10μl of nuclease-free H 2 O. 50ng of oligo-(dT) 20 primer was added and samples heated at 65ºC for 10 min. Samples were cooled on ice for 2 min and 8μL of reverse transcription reaction mix (4μl 5x first strand buffer, 2μl 0.1mM DTT, 1μl dNTPs (10mM dATP, dTTP, dGTP, 8.33mM dCTP), 20U RNase OUT, 5μCi α-[32P]-dCTP) was added. Samples were incubated at 42ºC for 5 min and 200U of SuperScript RNaseH -reverse transcriptase was added. Reactions were conducted at 42ºC for 50 min and stopped by incubation at 65ºC for 15 min. Yeast carrier tRNA (10μg) and 1ml 10% cold TCA were added and the samples precipitated on ice for 10 min. Samples were collected in triplicate (300μL) by vacuum filtration onto GC/F glass fiber filters presoaked in 10% TCA. Filters were washed once with 3ml 10% cold TCA, twice with 3mL cold 95% ethanol and dried. Filter-associated radioactivity was measured by liquid scintillation spectroscopy.
Results
Model Systems for Analysis of RNA Distribution
Previous investigations into the mechanism of termination-elicited ribosome release have relied on pharmacological (pactamycin) inhibition of the initiation stage of protein synthesis (Potter and Nicchitta, 2002; Seiser and Nicchitta, 2000) . Given concerns regarding off-target effects of this compound, we sought physiological scenarios yielding the physiological inhibition of initiation and thus examined ribosome/mRNA partitioning during the unfolded protein response (UPR). As the UPR provides a prominent example of a regulatory pathway that modulates mRNA entry into polyribosomes, we postulated that ER-bound ribosomes could serve a unique role in the synthesis of stress response proteins (Brostrom and Brostrom, 1998) . Two cell types were utilized in these studies, the murine plasmacytoma J558L and the murine fibroblast NIH 3T3.
The UPR was elicited by the membrane permeable reducing agent dithiothreitol (DTT), previously demonstrated to elicit a rapid and reversible disruption of disulfide bond formation in the ER, or thapsigargin, which inhibits the ER calcium ATPase Lodish and Kong, 1993; Lytton et al., 1991) . As shown in Figure 1A , addition of DTT to J558L cultures resulted in a rapid (< 0.5 hr) and extended (> 6 hrs) suppression of cellular protein synthesis, concomitant with an increase in phospho-eIF2α levels ( Fig. 1C ) (Brostrom and Brostrom, 1998; . Under these conditions and although general protein synthesis is suppressed, mRNAs encoding stress response proteins display relatively enhanced translation. This phenomenon is evident in the data depicted in Fig.   1 , panels B and E, where synthesis of GRP94, the ER Hsp90 chaperone, is enhanced relative to the translocon component Sec61α or the secretory protein Ig λ light chain. Also as a consequence of phospho-eIF2α accumulation, ATF4 mRNA translation was enhanced, with significant protein accumulation occurring by 4hrs (Fig. 1D ) . A similar accumulation of XBP-1 protein was evident following DTT treatment (Fig. 1D) , as previously reported (Calfon et al., 2002; Shen et al., 2001; Yoshida et al., 2001 ).
In companion studies, treatment of NIH 3T3 cells with DTT yielded a similar and pronounced inhibition of protein synthesis, with maximal inhibition being observed at substantially lower (2 mM) concentrations of DTT (data not shown). Presumably, such differences reflect the far higher secretory capacity of the plasmacytoma cell line, relative to the 3T3 fibroblast line. As seen following treatment with DTT, exposure of NIH-3T3 fibroblasts to thapsigargin yielded a suppression of protein synthesis with an accompanying increase in phospho-eIF2α levels ( Fig.   1F and data not shown). In this cell system, transcriptional induction of a downstream target of the ATF4 pathway, CHOP, was also clearly evident by 2hrs (Fig. 1G) . As a further test of UPR induction, we measured synthesis of GRP94, one of the most prominent fibroblast proteins synthesized during ER stress (Kozutsumi et al., 1988) . As expected, thapsigargin treatment resulted in a robust increase in the synthesis of GRP94, increasing by more than two-fold by 4hrs (Fig. 1H) . It is worth noting the difference in stress response recovery between DTT-treated J558L cells and thapsigargin-treated 3T3 cells (Fig 1A and F) . In DTT-treated J558L cells, protein synthesis was strongly suppressed for >6hrs whereas in thapsigargin-treated NIH 3T3 cells, protein synthesis levels have recovered by 6hrs. These differences may reflect the different modes of UPR induction used in the two cell lines.
Subcellular Fractionation: Derivation of Cytosol and ER Compartments
In these studies, the coupling of protein synthesis to ribosome exchange on the ER membrane was examined using an established sequential detergent extraction technique (Lerner et al., 2003; Potter and Nicchitta, 2002; Seiser and Nicchitta, 2000) . In this protocol, the cytosol fraction is obtained upon treatment of cell suspensions with concentrations of digitonin sufficient to permeabilize the plasma membrane and release cytosolic ribosomes, without release of the ERbound ribosome fraction (Adam et al., 1990; Lerner et al., 2003; Seiser and Nicchitta, 2000) .
Subsequently, ER-bound ribosomes were recovered by detergent solubilization of the total membrane fraction at substantially higher detergent concentrations (Lerner et al., 2003; Potter and Nicchitta, 2002) . The efficacy of this methodology was visualized by in situ immunofluorescence microscopy (Supplemental Fig.1 ). In Supplemental Fig.1 , panel B, cells
were treated with a physiological salts buffer containing 80μg/mL digitonin. Under these conditions, complete release of cytosolic tubulin (red) was observed, with no loss of ER structure, as assessed by staining for the resident ER membrane protein TRAPα, (green) or nuclear integrity (DAPI -blue)(compare to Supplemental Fig.1, panel A) . Subsequently, ER membranes were solubilized by addition of a high salt buffer containing 2% dodecylmaltoside (or 2% digitonin) using conditions previously demonstrated to maintain ER ribosome-translocon interactions (Supplemental Fig. 1 , panel C) (Potter and Nicchitta, 2002) .
This fractionation method, also described in detail in a previous publication (Lerner et al., 2003) , was further examined by cytosol and ER marker protein distributions in J558L cells and NIH 3T3 cells using immunoblot and radiolabeled immunoprecipitations, respectively. As shown in
Supplemental Figure 1D and E, the cytosolic protein tubulin was effectively solubilized and released by digitonin-mediated cell permeabilization with no detectable levels of the ER markers GRP94 or TRAPα. Further solubilization of the cell pellet using higher detergent concentrations yielded release of the ER proteins GRP94 and TRAPα (ER fraction). These data, along with past reports (Lerner et al., 2003) , demonstrate the efficient separation of the cytosol and ER compartments by this technique.
Additional fractionation studies were performed using an alternative approach, where rough ER vesicles were purified from cellular homogenates by buoyant density centrifugation. By immunoblot analysis, the rough microsome (RM) fraction was enriched in the ER marker TRAPα and did not contain detectable levels of the cytosolic maker tubulin (Supplemental Fig.   1D ). Although this technique yields a pure rough ER membrane fraction, the non-buoyant soluble fraction enriched with cytosolic markers such as tubulin, also contained contaminating ER, nuclear and Golgi markers (Supplemental Fig. 1D and data not shown). For these reasons, fractionation analyses will emphasize sequential detergent extraction methods to yield paired cytosol and membrane fractions, whereas the buoyant density flotation protocol will be restricted to analyses of the ER membrane fraction alone.
UPR Induction Elicits 80S Ribosome Accumulation on the Endoplasmic Reticulum.
Using the experimental systems described above, the consequences of UPR induction on polyribosome structure were examined (Fig. 2) . In control J558L cells, cytosolic and ER-bound ribosomes were recovered predominately in the faster migrating polyribosome fractions ( Fig.   2A , C, E) (note position of 80S ribosomes, indicated by the downward-facing arrow).
Immunoblot analysis demonstrated that ER-bound polyribosomes were in association with components of the protein translocation machinery, Sec61α and/or TRAPα; these proteins were absent from the cytosol-derived polyribosome fractions ( Fig. 2A, C, E) . Following a brief (30 min) treatment with DTT, polyribosomes from both the cytosol and ER have collapsed into 80S ribosomes, as indicated by RNA gel analysis (Fig. 2B, D) . At 4hrs of DTT treatment, the 80S ribosome remained as the dominant peak, as demonstrated in analyses of ribosome profiles derived from buoyant density-isolated ER membranes (Fig. 2F ). In addition, immunoblot analysis demonstrated that the ER-associated 80S ribosome species sedimented in association with Sec61α and/or TRAPα (Fig. 2D, F ), in agreement with previous data in which inhibition of the initiation stage of protein synthesis was achieved by pactamycin addition (Potter and Nicchitta, 2002) . Similar results were obtained in experiments using thapsigargin-treated NIH 3T3 cells (data not shown).
Ribosome Partitioning to the ER Is Maintained During the UPR
The results presented in Figure 2 indicate that ER-bound ribosomes remain membrane associated following termination. This observation contrasts with current models, which predict that ribosome release from the ER membrane is coupled to termination, and so was further examined (Alberts et al., 2002; Blobel et al., 1979; Lingappa and Blobel, 1980) . In these experiments, ribosome partitioning between the cytosol and ER was assessed by analysis of the distribution of 18S and 28S ribosomal RNAs in J558L and NIH 3T3 cells. For the data reported in Fig. 3A (Fig. 3A) . Following UPR induction, the majority (ca. 75%) of the radiolabeled ribosome pool remained bound to the ER membrane and persisted throughout the course of this experiment (Fig. 3A) .
In Fig. 3B , thapsigargin was used to elicit the UPR in NIH 3T3 cultures. In this experiment, the ribosome distribution was quantitated from the ethidium bromide fluorescence of the 18S and 28S rRNAs. In untreated NIH 3T3 cultures (t=0hrs), ribosomes are roughly evenly distributed with a slight bias towards the cytosol fraction as expected. Following thapsigargin treatment, approximately 20% of the cellular ribosome pool shifted into the cytosol fraction, similar to the 15% shift observed in J558L cells. These data, which reflect analyses performed in two cell types using two different methods of UPR induction, are consistent with the data presented in Fig. 2 and further buttress the conclusion that the predominant fate of ER-bound ribosomes upon termination is continued association with the protein tranlocation machinery.
ER-Bound Ribosomes
Exist as "mRNA-Free" or "mRNA-Associated" Populations.
The data presented above indicate that ER-bound ribosomes retain their membrane association following polyribosome breakdown. From this observation we postulated that the ribosome pool would shift from a predominately mRNA-associated pool (polyribosome) to a predominately mRNA-free pool, with similar responses occurring in the cytosol. To distinguish these two ribosome populations, we utilized polyuridylate-Sepharose (poly(U)-Sepharose) affinity chromatography to isolate the poly(A) + mRNA fraction from detergent-solubilized cytosol and ER fractions (Lindberg and Persson, 1972) . Using this experimental approach, the relative levels of mRNA-associated ribosomes present in the ER membrane and cytosol compartments following UPR induction were evaluated.
A representative poly(U)-Sepharose chromatography profile is shown in Fig. 4A . Following loading of a detergent-solubilized ribosome fraction, the affinity matrix was extensively washed and bound ribosomes subsequently eluted by addition of EDTA. The identity of the EDTAreleasable fraction was confirmed as ribosomes by SDS-PAGE, where the EDTA-releasable fraction displayed an identical protein profile to that seen for rabbit reticulocyte lysate-derived ribosomes (Fig. 4C ). Immunoblot analysis demonstrated the presence of ribosomal proteins L3
and L4 in the EDTA eluant (Fig. 4D) while the 28S and 18S rRNAs were identified by denaturing RNA agarose gel electrophoresis (Fig. 4E) . In additional experiments, the resin was washed with 4M guanidinium thiocyanate following EDTA elution. This latter-eluting fraction was identified to contain predominately mRNAs by Northern blot analysis (data not shown).
The mRNA dependence of ribosome isolation by poly(U)-Sepharose affinity chromatography was confirmed in competition studies with two purine-based polymers, polyadenylic acid (poly(A)) and polyinosinic acid (poly(I)). If ribosome binding were mRNA dependent, addition of poly(A), and to a lesser degree poly(I), should effectively compete binding by blocking available poly(A) + mRNA-poly(U)-Sepharose interaction sites. Conversely, if ribosome binding to poly(U)-Sepharose were direct (i.e. mRNA independent), poly(A) and poly(I) would be equally effective in blocking ribosome binding. As shown in Fig. 4B , the binding of ribosomes to the poly(U) affinity matrix was substantially inhibited by the addition of excess poly(A), while at least two orders of magnitude higher concentrations of poly(I) were required to achieve similar inhibition. This indicates that ribosome association with the poly(U) matrix is occurring primarily via the 3'-poly(A) tail of mRNAs.
Using this experimental approach, ribosome loading onto mRNAs in the cytosol and ER compartments as a consequence of the UPR was evaluated. As depicted in Fig. 4F , a rapid decrease in ribosome loading on cytosolic and ER-associated mRNAs was observed following a 30 min treatment with DTT. At all time periods following UPR induction, cytosolic ribosomes demonstrated a reduced degree of mRNA association relative to ER-bound ribosomes. This difference was accentuated at later time points (4hr) where the relative fraction of mRNAassociated ribosomes in the ER-bound pool was approximately five-fold greater than that observed in the cytosol pool. These data indicate that although total protein synthesis activity is dramatically reduced following UPR induction, ER-associated mRNAs remain predominately assembled in small, polysomes, where they presumably undergo continued, albeit much reduced, translation, whereas cytosolic polysomes disassemble to yield free RNP and ribosome fractions.
Alternatively, UPR induction may elicit a global re-partitioning of mRNAs from the cytosol to the ER. These two hypotheses were examined in the experiments described below.
mRNA Partitioning Between the Cytosol and ER Compartments is Maintained During the UPR
To determine whether the cellular partitioning of mRNAs to the ER is altered during the UPR, cytosolic and ER-derived RNA pools were isolated from thapsigargin and DTT-treated NIH 3T3 cells as well as DTT-treated J558 cells and the fractions analyzed by Northern blot. In additional experiments, RNA distributions were quantitated by RNA dot blot; these data are included as a supplementary figure (Fig. S2) .
Depicted in Fig. 5 , panels A-C, are representative Northern blots in which three patterns of mRNA partitioning can be identified. In one pattern, displayed by ATF4, mRNA is recovered in both the cytosol and ER fractions of untreated (UT) cells, with partitioning favoring the cytosol (Fig. 5A,B) . Following UPR induction with either DTT (Fig. 5A) or thapsigargin (Fig. 5B) , an approximately equal mRNA distribution was observed between the ER and cytosol fractions in both control and thapsigargin-treated cells. A similar mRNA partitioning pattern was observed in control and DTT-treated J558 cells (Fig. 5C ). In a second pattern displayed by GAPDH, mRNAs were enriched in the cytosol fraction and exhibited no significant change upon UPR induction.
For these mRNAs, ER stress was accompanied by a modest decrease in mRNA levels, presumably the consequence of UPR-enhanced mRNA degradation. In a third pattern exhibited by mRNAs encoding BiP and the soluble UPR transcription factor XBP-1, mRNAs were enriched on ER-bound ribosomes in both control and UPR-induced cells. As a consequence of the UPR, there was a substantial increase in BiP mRNA levels; this was not accompanied by significant changes in the relative partitioning between the free and ER-bound mRNA pools ( Fig.   5A-C ). These data demonstrate that individual mRNAs can display distinct and overlapping partitioning between free and membrane-bound ribosomes, a conclusion mirroring genome-wide analyses of mRNA distributions in yeast, fly and human cells (Diehn et al., 2000; Kopczynski et al., 1998) . Significantly, these data indicate that activation of the UPR program does not yield a significant global re-partitioning of mRNAs between the cytosol and ER compartments.
ER-Bound Ribosomes Serve a Primary Role in mRNA Translation during the UPR
To determine if UPR induction leads to a compartment-specific regulation of protein synthesis, mRNA translation profiles were examined in the cytosol and ER-membrane fractions of control and UPR-induced cells. In these experiments, cytosol and ER fractions from control and (4hr) DTT-treated J558L cells were prepared and separated by sucrose gradient velocity sedimentation. The distribution of ribosomes and individual mRNAs in the gradient fractions was then determined by UV spectrometry and Northern blot analysis, respectively. To allow comparisons between the two fractions, identical cell equivalents were analyzed. For the Northern blot analyses, four mRNAs were chosen, encoding the ER resident chaperone BiP, the soluble stress response transcription factors XBP-1 and ATF4, and the glycolytic enzyme GAPDH. BiP, XBP-1 and ATF4 mRNAs were chosen for their role in the UPR program;
GAPDH mRNA was chosen because it displays overlapping distribution between the cytosol and ER (see Fig. 6 and Lerner et al., 2003) and has previously been demonstrated to reside in polyribosomes following induction of ER stress responses (Kawai et al., 2004) .
In control fractions, mRNAs residing in both the cytosol and ER compartments were assembled into polyribosomes of varying sizes (Fig. 6A, C , and E and supplemental Fig. 3 ). Sedimenting with the largest class of polyribosomes was the mRNA encoding BiP, which was exclusive to ER membrane fractions (Fig. 6A, C , and E). Conversely, GAPDH mRNA, which also sediments with large polyribosomes, was identified in both the cytosol and ER fractions and displayed essentially equivalent sedimentation patterns (Fig. 6A, C , and E). The compartmental distribution of the mRNAs encoding the stress response transcription factors XBP-1 and ATF4
was determined. Although neither message is efficiently translated in untreated cells, both mRNAs were found in small polyribosome fractions of both cytosolic and ER polyribosomes and exhibited identical sedimentation patterns in the two cellular compartments. (Fig. 6A , C and E) (Calfon et al., 2002; . Interestingly, the mRNA encoding the yeast homolog to XBP-1, HAC1, has also been shown to be ER-localized at steady state, indicating this may be a conserved feature of its RNA localization pathway (Chapman and Walter, 1997; Diehn et al., 2000) .
Following UPR induction, dramatic differences were observed in the mRNA sedimentation patterns of cytosolic and ER-bound ribosomes (Fig. 6B , D, and F and supplemental Fig. 3 ).
Transcripts detected in the cytosol ribosome fractions (ATF4, GAPDH, XBP-1) predominately sedimented in the <40S region, indicating that they were present as free mRNPs (Fig. 6B) .
Interestingly, small amounts of BiP mRNA were detected in the 40S region of the cytosol fraction, perhaps representing pre-initiation complexes of newly exported BiP mRNAs. In contrast, ATF4, BiP, GAPDH and XBP-1 mRNAs present in the ER compartment displayed very different sedimentation behaviors; these mRNAs were assembled into small polyribosomes (compare Fig. 6D , F vs. B). BiP mRNA, which exhibited a slight UPR-dependent decrease in ribosome loading, remained in large polyribosome fractions, indicative of its relatively efficient translation during UPR induction. The mRNAs encoding the soluble proteins ATF4, XBP-1 and GAPDH exhibited more pronounced UPR-dependent shifts. While XBP-1 and GAPDH mRNAs had minor to moderate reductions in ribosome loading, respectively, ATF4 mRNA shifted into larger polyribosomes. A similar UPR-elicited increase in ATF4 sedimentation has been previously reported, although the cellular compartmentalization of ATF4 synthesis had not been examined . The data depicted in Fig. 6 , panels A-F, were quantified by phosphorimager analysis; these data are depicted in supplemental Fig. 3 . In examining the distribution of the different mRNAs, relative to the 80S ribosome peak, two patterns can be identified -whereas mRNAs in the cytosol fraction predominate in the < 80S fractions, mRNAs present in the ER fraction are enriched in the >80S fraction.
These experiments shown in Fig. 6 were also performed in thapsigargin or DTT-treated NIH 3T3 cells, with similar results. Data describing the mRNA translation profiles for ATF4, XBP-1 in control and DTT-treated fibroblasts is shown in Fig. 7 . As seen in J558 cells, BiP mRNA was enriched in the heavy polyribosome fraction derived from the ER, but not the cytosol fractions derived from NIH 3T3 cells (Fig. 7A,C) . mRNAs encoding XBP-1 were present at very low, but detectable, levels in both polyribosome fractions (Fig. 7A,C) . Following addition of DTT to NIH 3T3 cells, extensive polyribosome breakdown was observed (Fig. 7B, D) . Again similar to observations obtained in J558 cells, DTT-elicited UPR induction in NIH 3T3 cells was accompanied by a pronounced accumulation of XBP-1 mRNA in the <40S portion of the cytosol extract and the enhanced appearance of XBP-1mRNA in the small ER-associated polyribosome fraction (Fig. 7B,D) .
In total, these data indicate that protein synthesis is preferentially compartmentalized to the ER as a consequence of UPR induction. Additionally, the similarities in the overall ribosome loading patterns of the mRNAs encoding the soluble cytosolic proteins XBP-1, ATF4 and GAPDH suggests that enhanced compartmentalization of mRNA translation to the ER is a global regulatory feature of protein synthesis during the UPR.
Protein Synthesis Partitions to the ER during the UPR
To determine if the findings presented in Figs. 6 and 7 were globally representative of mRNAs translation profiles, we examined ribosome loading onto polyA + mRNA in the cytosol and ER following UPR induction. Global mRNA levels from individual gradient fractions were determined by oligo-d(T)-primed reverse transcription. In this assay, mRNA was measured as a function of incorporated radiolabeled nucleotide precursor (α-[ 32 P]-dCTP) into cDNA products.
In control J558L cells, mRNAs are highly enriched in the polyribosome fractions prepared from the cytosol and ER compartments (Fig. 8A, C , and E). At 4 hours post-UPR induction, ribosomes from both the cytosol and ER are predominately recovered as 80S monosomes (Fig. 8B, D and F). However, examination of the mRNA distribution in the two compartments identified striking differences. In the cytosol fractions, the majority of the mRNAs were recovered in the lighter sucrose gradient fractions (<40S), indicating that they were not ribosome associated (Fig. 8B) . The sedimentation behavior of the non-ribosome-associated mRNA fraction (i.e., <40S) was verified by comparison to EDTA-treated fractions (data not shown). In marked contrast, ER-associated transcripts were recovered predominantly in ribosome/polyribosome-containing fractions (> 80S) and to a lesser degree in non-ribosomal fractions (< 40S) ( Fig. 8D and F) . Quantitative analyses of these mRNA distribution patterns are provided in Supplemental Fig. S3 . These data extend the analyses presented in Figs. 6 and 7, and further document the finding that UPR induction elicits pronounced changes in the mRNA translation profiles of cytosolic and ER ribosomes,
Discussion
In this communication, we examined the cellular processes governing the partitioning of ribosomes and mRNAs between the two primary protein synthesis compartments of the cell, the cytoplasm and the ER. Using the unfolded protein response as means to physiologically modulate mRNA translation and gene transcription, we report a novel translational control mechanism whereby the ER serves as the preferred site for the synthesis of both cytosolic and signal sequence-bearing proteins. Following UPR induction, ER-associated mRNAs were enriched in the small polyribosome fraction whereas cytosolic mRNAs accumulated as free, nonribosome associated RNPs. Additionally, UPR-elicited polyribosome remodeling was not accompanied by a re-partitioning of mRNAs between cellular compartments. As a result, mRNAs that underwent translation on both cytosolic and ER-bound ribosomes in the homeostatic condition displayed ER-restricted loading into polyribosomes in response to UPR induction. Together these data indicate that the observed compartmental segregation of protein synthesis is not uniquely confined to UPR target mRNAs; rather, the capacity to differentially regulate protein synthesis in the cytosol and ER compartments allows the ER to serve as a privileged site of protein synthesis. As a key and perhaps essential element of this process, ERbound ribosomes were observed to remain in continued association with the ER membrane following termination, thereby providing the ER compartment with a stable and abundant source of protein synthesis capacity.
It is well established that ribosomes engaged in the synthesis of secretory/membrane proteins are trafficked to the endoplasmic reticulum via the signal recognition particle (SRP) pathway (Walter and Johnson, 1994) . Less well established is the mechanism whereby ER-bound ribosomes and mRNAs recycle from the ER membrane to the cytosol (Potter et al., 2001 ).
Current models propose that the dissociation of ER-bound ribosomes is functionally linked to termination with the individual subunits departing the ER membrane to join a common cytosolic pool (Blobel et al., 1979; Alberts et al., 2002; Walter and Johnson, 1994) . In contrast, data presented in this report indicate that the physiological induction of polyribosome breakdown yields the accumulation of membrane-bound, 80S ribosomes. In previous reports, we examined the coupling of termination and ribosome release from the ER by pharmacologically inhibiting the initiation reaction of protein synthesis (Potter and Nicchitta, 2002; Seiser and Nicchitta, 2000) . Under these conditions, ER-bound polyribosomes underwent efficient termination yet remained in stable association with the ER translocon (Potter and Nicchitta, 2002; Seiser and Nicchitta, 2000) . On the basis of past and current studies, we now conclude that the physiological process of ribosome dissociation from the ER membrane is regulated independently of the termination reaction. This latter finding helps to re-focus future studies on a series of fundamental, and as yet unanswered questions first proposed by Palade (1975) : is initiation of mRNA translation restricted to the cytosol compartment, with ribosome traffic to the ER occurring as a co-translational event, or can both ER-bound and free ribosomes function to initiate de novo translation? Secondly, what regulates the duration of ribosome attachment to the ER?
From the viewpoint of existing models, the observation that mRNAs encoding cytosolic proteins can be partitioned to, and translated on, ER-bound ribosomes is unexpected (Alberts et al., 2002; . Nonetheless, rigorous examinations of mRNA partitioning between free and membrane-bound ribosomes, conducted in multiple cell types and tissues, in lower and higher eukaryotes and by multiple fractionation techniques, have also concluded that the mechanism of mRNA partitioning in the eukaryotic cell is complex (Diehn et al., 2000; Kopczynski et al., 1998; Lerner et al., 2003; Mechler and Rabbitts, 1981; Mueckler and Pitot, 1981) . Little is know regarding the mechanism for how such complex mRNA partitioning patterns are conferred. It is reasonable to consider that encoded localization information, presumably present within the untranslated regions (UTRs), and/or particular cohorts of RNA binding proteins contribute significantly to this phenomenon. In this context, it is also possible that a given mRNA species may comprise multiple subpopulations, differing in RNA binding protein composition and thus in relative partitioning between the cytosol and ER compartments.
Regardless of the mechanism, the data presented herein demonstrate that ER-associated, rather than cytosolic, mRNAs serve as the preferred templates for translation during the UPR.
Our analyses of mRNA recruitment by ribosomes present in the cytosol and ER compartments of UPR-induced cells identified a clear distinction between the two compartments; ER-bound ribosomes continued to function in protein synthesis and thus are recruited, albeit inefficiently, into small polyribosomes whereas cytosolic ribosomes display dramatically reduced function and a much reduced steady-state association with mRNAs. These data indicate that the translation activities of cytosolic and ER-bound ribosomes are differentially regulated during the UPR. A potential key to this puzzle is the regulation of the eIF2 phosphorylation cycle, which has a wellestablished role in the global modulation of protein synthesis rates during cell stress. There exist four eIF2a kinases functioning in the cellular response to stress; HRI, the heme-repressed kinase, functions during erythroid precursor differentiation; GCN2, the general control non-repressed kinase, provides a cellular response to the accumulation of uncharged tRNAs; PKR, or protein kinase repressor, responds to double-stranded (viral) RNA, and PERK, the ER resident PKR-like kinase, senses the accumulation of unfolded proteins in the ER (reviewed in Rutkowski and Kaufmann, 2004) . In addition to the eIF2α-directed kinases, at least two phosphatase activities are known to act on eIF2α, GADD34/PP1 and CreP (Novoa et al., 2001; Jousse et al., 2003) .
Both activities are known to reside in the ER and thus in the context of an ER-restricted translational control response, it would appear likely that the regulation and/or expression of PERK, GADD34/PP1 and/or CreP activity would contribute significantly to differential regulation of the relative translation capacity of the cytosol and ER compartments. In this view, compartment specific regulation of dephospho-eIF2 levels would allow for disparate translation activities between the cytosol and ER during stress, when eIF2a availability is limiting. How this might occur is currently under investigation.
On the basis of the data presented in this report, we suggest that the global suppression of protein synthesis and polyribosome breakdown elicited by UPR-induced phosphorylation of eIF2α serves two primary functions: 1) the ER is relieved of the bulk influx of newly synthesized polypeptides, which would exacerbate stress-related disruptions in protein folding efficiency and 2) as a consequence of polyribosome breakdown, ribosome loading onto individual mRNAs is dramatically reduced and a substantial fraction of the (ER) ribosomes become available for the de novo translation of stress response mRNAs (Rutkowski and Kaufman, 2004) . In this view, polyribosome breakdown is an essential component of the UPR because it makes available ribosomes that otherwise would be assembled in polyribosomes. In the absence of such a response, newly transcribed mRNAs would either compete for access to a limited ribosome pool or ribosome biogenesis would need to increase in proportion to the magnitude of the transcriptional response. The observations reported here indicate that the UPR program includes an essential process of "mRNA remodeling" as ribosomes redistribute between polyribosome complexes. These data also suggest that the compartmental regulation of translation is of key significance to UPR gene expression. In this context, we postulate that restricting the translation of mRNAs encoding UPR effector proteins to the two dimensional geography of the ER membrane provides a kinetic advantage to the assembly of translation complexes in the threedimensional cytosol. J558L cells were sedimented through 15-50% linear sucrose gradients for 3 hrs at 151,000xg.
Ribosomes were monitored by UV absorbance (260nm) with the downward facing arrow denoting the 80S monosome peak. Total RNA isolated from individual gradient fractions was resolved on denaturing agarose gels. Immunoblots were performed from individual gradient fractions for translocon markers Sec61α and TRAPα. 
